insertion-deletion mutations (indels) at the specified sites
of the coding capacity of the system. Our results provide 23 specific bounds on the fidelity of lineage tracing using such approaches. While existing methods can identify the descendants of a cell, 38 inferring the relationships between descendants remains to be 39 adequately addressed, and all techniques thus far present 40 drawbacks that render high-throughput and high-resolution 41 lineage tracing a difficult undertaking. Intended for the study of 42 tissues in which genetic lineage tracing is challenging and 43 incomplete, the approach we present involves synthetic lineage 44 tree construction based on the propagation of defined synthetic 45 mutations arising in individual cells to their daughter cells. 46 Though prior work has explored lineage analysis based upon 47 insertion-deletion mutations (indels) at the specified sites 72 contained within the genome of a given cell. After such a site 73 has been mutated, the indel introduced makes it unavailable for 74 further alteration by CRISPR/Cas9 and serves as an identifiable f1 75 marker of the cell and its daughters (Figure 1 ).
76
Given the diversity of indels generated by NHEJ, the 77 accumulation of indels at the targeted sites over the course of 78 several generations of cell division creates a barcode within a 79 cell's DNA that allows for the construction of lineage trees 80 based upon the indels shared between the barcodes of different 81 cells ( Figure 1A ). That the sites designated for CRISPR/Cas9 82 editing occur within a region of 500 base pairs allows for the 83 barcode to be easily amplified and read using paired-end 84 sequencing. However, it is important to note that if CRISPR/ 85 Cas9 acts upon a second site before a given site can be repaired, 86 the processes of NHEJ can result in the removal of the 87 sequence between the two sites, potentially omitting useful 88 information ( Figure 1B ). In spite of this, our simulations show 89 that our proposed dynamic DNA barcode approach could 90 enable the tracing of cell lineages with potentially greater 91 resolution and specificity than existing methods and without 92 the need for continuous monitoring of the system of interest.
93
To characterize and better understand the CRISPR/Cas9-94 enabled barcoding technique, we simulated sequence barcodes 95 and the resulting lineage trees resulting from its implementa-96 tion in C. elegans, a nematode and model organism whose cell 97 145 resulting sequence barcodes corresponding to different cells 146 within the organism. Due to the sequential addition of indels 147 during development, the indels observed in the barcodes 148 obtained from the adult worm could then be used to infer the 149 relationships between the cells from which the barcodes came, 150 since once a cell's barcode is modified to include a particular 151 indel, the barcodes of all subsequent daughter cells must also 152 carry that indel.
153
Ribonucleoprotein complexes (RNPs) of Cas9 and single 154 guide RNA (sgRNA) corresponding to each of the ten sites 155 were injected into the gonad of worms from the EGFP-156 expressing EG6173 strain so that the RNPs would be 157 encapsulated within the forming eggs. After 48 h post injection 158 we screened the F1 progeny of the parent animals for absence 159 of EGFP expression, since successful targeting by CRISPR/ 160 Cas9 of the selected sites within the EGFP gene would lead to 161 the introduction of indels, thus disrupting the fluorescent f3 162 protein (Figure 3) . Progeny displaying the desired phenotype 163 were dissected in order to remove their intestine, since this 164 organ is known to derive from the descendants of a single cell, 165 the E blastomere. 4, 30 The isolated intestine and remainder of 166 the body were lysed and sequenced separately, and the EGFP 167 gene containing the sites targeted was inspected for the 168 presence or absence of indel mutations.
169
The indels contained within the sequence barcodes enabled 170 the determination of lineage relationships between cells. Since 171 indels are transmitted from parent to daughter cells, barcodes 172 displaying shared indels can be considered to constitute a 173 sublineage. We grouped barcodes by such common indels and 174 used the frequency of indels observed across unique barcodes 175 to infer the order of introduction of indels and thus, to f4 176 construct lineage trees, a subset of which is shown in Figure 4 . 177 We found that barcodes from the intestine displayed an 178 assortment of indels not observed in the rest of the body, 179 suggesting a distinct cell type in agreement with the known 180 lineage, since indels created after the formation of the E 181 blastomere should be restricted to appearing in either the 182 intestine or the body. Moreover, in both the sample derived 183 from the intestine and that from the rest of the body, sets of 184 barcodes contained shared indels, indicating descent from a 185 common progenitor cell, such as the P1 or EMS blastomeres 186 that occur prior to the formation of the E blastomere. The 187 presence of barcodes such as the leftmost two shown that 188 contain no indels or just one indel in the adult worm reveals 189 that the rate of CRISPR/Cas9 activity needs to be further tuned using approaches independent of tree construction.
212
To examine the diversity of indels generated using CRISPR/ 
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Letter DOI: 10.1021/acssynbio.6b00309 ACS Synth. Biol. XXXX, XXX, XXX−XXX C 252 evident that the indels resulting from CRISPR/Cas9 activity 253 tend to lie to the left of the specified DSB, reducing the number 254 of possible states and amount of information able to be 255 encoded through barcoding. This point can be further 256 illustrated by employing a modified version of the aforemen-257 tioned analytical model. By using a Heaviside step function 258 instead to describe the occupancy of positions around the DSB 259 to determine a lower bound on performance, we calculated a 260 Shannon entropy of 3.80 bits for a single cut site, which is still a 261 considerable improvement over the effectively binary informa-262 tion supplied through current recombination-and color-based The precision and recall of tissue identification based upon the full set of barcodes derived from the worm shown in Figure 4 for which the intestine and body were sequenced separately were calculated using the k-nearest neighbors algorithm. The experimental results, shown by the individual points over the columns, compare favorably with the results obtained by randomizing the data set's labels (n = 100). 
309
Mathematical Modeling. Due to the stochastic nature of 310 the proposed approach, the activity of CRISPR/Cas9 was 311 represented as a Poisson process, which can be represented by 312 the following:
n n 313 where λ is the average number of indels created per minute and 314 n is the number of indels considered within the duration of the 315 given cell division during the development of C. and from the experimental position distribution, D, the The length-normalized position of the DSB as compared to the center of the indel tends to occur to its right (+) rather than left (−).
373 Shannon entropy of the system in bits was calculated as follows, 
